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However, little attention has been paid to date in the literature on determining the best CO2 injection strategy for achieving both the optimal water production and the optimal CO2 space storage capacity while maintaining operational safety. This research first establishes three injection-extraction scenarios based on the typical geological parameters of the Junggar Basin in China to analyze the effect of CO2 injection on water extraction and the effect of water extraction on the CO2 storage. The three injection scenarios considered are sole CO2 injection, sole water production, and combined CO2 enhanced water recovery (CO2 -EWR). For the combined CO2 enhanced water recovery scenario, both the co-injection of brine and pre-injection of brine are considered. It is found that in the allowable range of pressure perturbations, pre-injection of brine could result in longer injection time with more CO2 injected and stored. The influence of number of pumping wells is also analyzed. Although increasing the number of wells can enhance the CO2 storage, however having more wells may not be an economically desirable option considering the cost of well drilling; this aspect requires the techno-economic analysis. It can be concluded from ix this work that the CO2 enhanced water recovery technology can effectively manage the pressure perturbation caused by the CO2 injection as well as the water production while significantly enhancing the CO2 storage capacity, security and water production efficiency; however, the injection strategy is essential to the efficiency of CO2 enhanced water recovery. The well-known multi-phase flow solver TOUGH2/Petrasim is used for the analysis of injection scenarios. It is well established that the increase in CO2 concentration will significantly influence climate system and ecosystem. Therefore, there is urgency to figure out a way to stabilize the CO2 concentrations in the atmosphere within next few decades. At today's emission rate, atmospheric CO2 concentration will continue to grow rapidly and lead to significant consequences to climate system. For example, scientists have predicted that in 50 years, due to global warming, the lowlying coastal areas may be flooded. To address the challenge of global warming, pragmatic longterm approach is needed to reduce the CO2 emissions. Employing solar power, wind energy and other renewable energy sources to replace fossil fuels is an important step in the direction. But unfortunately, in the near future, most of the World energy needs will be met by fossil fuels.
Chapter 1: Introduction
Carbon Capture and Storage (CCS) is an effective way to decrease the CO2 concentrations into the atmosphere. Recently, a novel geoengineering approach for CO2 geological utilization and storage, wherein CO2 geological storage is combined with the deep saline water/brine recovery (CO2-EWR) has been proposed for CO2 sequestration as well as to produce underground water. This thesis analyzes both CCS and CO2-EWR under different CO2 injection and water production scenarios considering multiple wells and determines a scenario that could store more CO2 while producing water simultaneously.
CCS and CO 2 -EWR Preview
Carbon capture and storage (CCS) is a technology that can capture up to 90% of the carbon dioxide Norway's largest oil company Statoil. This is the first commercial example of CO2 storage in a deep saline aquifer where over 1 million tons of CO2 is being stored annually. CO2 can also be used for enhanced of recovery (EOR) and enhanced gas recovery (EGR). The Weyburn oil field is situated in Canada near the USA border. In 1997, all the waste gas (96% CO2) from its Great Synfuels Plant was sent to the Weyburn oil field through a pipeline for application in CO2-EOR.
Several more commercial projects are in the advanced stage of planning, for example, the In-Salah project in Algeria, the Gorgon Project in Australia, and the Snohvit Project in the continental shelf offshore of Norway.
During the sequestration process in an aquifer, a large-scale CO2 injection will lead to significant increase in reservoir pressure. The increase in pressure may result in overlying cap-rock to fracture, giving rise to CO2 leakage. Considering some of the problems faced by the traditional CCS including cost, an alternative geoengineering approach for carbon capture, utilization and storage has been proposed in recent years while combining the CO2 geological storage with saline water recovery (CO2-EWR). The basic idea of CO2-EWR technology is to inject CO2 into a deep saline aquifer for CO2 sequestration and simultaneously produce water/brine that can be used for domestic and industrial use. Compared to the traditional CO2 geological storage, CO2-EWR has two main advantages: (1) it allows better control of the reservoir pressure and water production to provide a more secure and stable environment for CO2 injection; and (2) it can collect and utilize the water/brine extracted for drinking after some treatments, as well as for industrial and agricultural use. Thus, CO2-EWR technology could be considered as a clean technology for decreasing CO2 concentrations in the atmosphere as well as for alleviating the water shortage crisis.
Scope of the Thesis
CO2 geological storage combined with deep saline water recovery (CO2-EWR) could not only achieve secure environment for CO2 storage due to lower injection pressure but also enhance the saline water recovery for industrial or agricultural use. This method is therefore a win-win choice for enhancement of both environment and energy security. A three-dimensional injectionextraction model is established and numerically analyzed using the DOE TOUGH2/Petrasim code employing the typical parameters from a coal chemical industry in the Xinjiang Uyghur Autonomous Region of China. Various water production and CO2 injection schemes as well as multiple well scenarios are considered in order to determine the advantages and disadvantages of each for achieving the goal of maximum possible CO2 storage with simultaneous production of brine.
Chapter 2: Methodology
In this chapter, the simulation model, the boundary conditions and, the initial settings, for the simulation are provided. The methodology used in flow field calculation is discussed. Some relevant aspects of CFD simulation methodology are described. The theory behind the simulations is discussed.
Methodology of Simulation
PetraSim is a graphical interface for the DOE TOUGH2 family of simulators. 
Methodology of Geometry Modeling

Geological Background
Junggar Basin is located in the Uygur Autonomous Region of Xinjiang, northwestern China, The Permian, Triassic and Jurassic with lithology-fine sandstone and siltstone, locally coarse sandstone or large-coarse sandstone, are considered the best reservoir due to their wide distribution and large thickness. Thus, applying CO2-EWR at this place is a very feasible and reliable choice.
In this thesis, the exact geological parameters of this basin are chosen as initial inputs to the numerical model for CO2-EWR analysis. 
Model Description
Three three-dimensional models were established for analysis, including two wells model (one injection well and one production well), three wells model (one injection well and two production wells) and five wells model (one injection well and four production wells). The baseline model was established by Dr. Danqing Liu as described in her publication [5] The size of all these models is the same: 21.5 km from east to west, 10. Every production well is kept at the same distance (7 km) from the central injection well. In the three wells model, two production wells are located at (3750, 5250) and (17750, 5250). The five wells model, is slightly different than the traditional five wells model. In traditional five wells model, the injection well is located at the center and four production wells are located at four corners of a square around the injection well. In the present model, with 14 km distance between the injection and production wells, it is not possible to design the traditional five wells model due to distance along the y-axis. Therefore, a rectangular five-wells model is designed which has the injection well located at the same place as in the three wells model, and four production wells are located at (4460, 2178), (4460, 8322), (17040, 2178), and (17040, 8322) respectively. The CO2 storage and water production is determined for all these three models. 
Model Setup and Boundary Conditions
Initial Conditions and Simulations
The initial conditions used in the simulations are in Table 2 .1. Parameters used in the model are listed in Table 2 .2. 
Injection and Production Schemes
Three different injection and production schemes are used in this thesis. They are injection only scheme, pre-injection brine production scheme and co-brine brine production scheme.
Sole Injection Scheme
The sole injection scheme is the scheme in which injection well injects CO2 underground at the beginning of the simulation. Production wells are disabled in the whole simulation. This scheme is used to compare the CO2 storage and other variables such as pressure in the reservoir with the other two schemes.
Pre-Injection Brine Production Scheme
Brine extraction could be scheduled before CO2 injection, during CO2 injection and after CO2
injection. Pre-injection brine production is the scheme which schedules the brine production before CO2 injection. In this scheme, CO2 is injected where pressure drawdown is greatest, It is the location from which the brine has already been extracted. This concept was first proposed by Buscheck [6] . This method has multiple benefits compared to sole injection scheme. First, it can be used as a pressure management strategy. In this case, the brine extraction is scheduled before CO2 injection, which can lower the reservoir pressure, in other words, the reservoir has more room for CO2 storage resulting in less overpressure for a given storage quantity of CO2. In the reservoir, the overpressure is defined as the fluid pressure that exceeds the original pressure of the reservoir before CO2 in injected. Second, the brine produced could be used for industrial and agricultural purposes, and even for drinking after appropriate treatments. Furthermore, when the brine is extracted before CO2 injection, the resulting pressure drawdown provides direct and specific information about the potential CO2 leakage through the caprock as well as the CO2 storage performance and security.
Co-Injection Brine Production
Co-injection brine production scheme is another effective method for injecting more CO2 under the same geological condition. It has all the advantages mentioned in section 2.3.2, for the preinjection brine production scheme since it also has the brine extraction schedule. The difference between the two schemes is the brine extraction time. Basically, the co-injection method involves brine production and CO2 injection at the same time. In chapter 3, the details of how these three different schemes are applied and their results are given.
Chapter 3: Numerical Solution and Validation of Buscheck's Baseline Cases
Thomas A. Buscheck conducted a simulation to determine the potential of brine removal for a real geological setting: Tubåen Fm. at Snøhvit. He employed the NUFT code to generate the reservoir model and performed the simulations. His results showed good agreement with the experiment results provided by Statoil. More details can be found in his paper [6] . In this thesis, in order to test the validity of present simulation, Buscheck's baseline cases are completed.
Validation Test Case
Buscheck's Test Cases
Thomas A. Buscheck published his research results a few years ago [6] . In order to improve the physical and economic performance of CO2 capture, utilization and storage in saline reservoirs, he compared different injection-production schemes based on Snøhvit CO2 storage project. A brief result is given below, more detail of his research can be found in [6] . Figure 3 .1 Pre-injection brine production compared with sole injection [6] In Figure 3 .1, the black line is the experimental results provided by Statoil. A total of 1.09 MT of CO2 was injected into Tubåen Fm for 3 years. From Figure 3 .1, one can see that after three years of brine production, the overpressure drops down to -8.1MPa and the CO2 injection begins.
According to the geological information, the injector pressure cannot reach the peak overpressure (7.63 MPa). From the red line, one can tell that the sole injection scheme reaches peak pressure after 1065 days injection. In contrast, the pre-injection brine production scheme has longer injection time (It takes 2133 days to reach the peak pressure). Consequently, 1.03 MT of CO2 was injected into the geological formation. Apparently, this scheme is much better than the sole injection scheme, significantly increases enlarge the CO2 storage capacity. Figure 3 .2 Co-injection brine production compared with sole injection [6] In Figure 3 .2, one can find that with 1.1 years of co-injection brine production after 3 years of preinjection, 1.44 MT more of CO2 was injected in the reservoir compared with sole injection scheme.
This method therefore can be used to inject more CO2 even compared to the pre-injection brine production scheme mentioned above.
Validation of Junggar Basin Model
The validation test was conducted on a two wells model (one injection well and one production well as shown in Figure 2 Figure 3 .3 one can see that the injection well pressure reach peak pressure in 2 years in sole injection scheme. But in 3 years pre-injection brine production scheme, the injection well pressure reaches peak pressure much later than the sole injection scheme, which provides more time for injecting CO2. Also, one can notice that the 6 years pre-injection brine production scheme has much larger capability for CO2 storage, which due to large pressure drop after producing brine.
Thus, one can conclude that with more time used in producing brine before injecting CO2 into the reservoir, one can enhance the CO2 storage capability significantly. This result perfectly matches with the conclusions of Buscheck [6] . It is obvious that the co-injection brine production scheme is much better than the sole injection brine production scheme for storing CO2. One can also notice that with more time used in preinjection, more CO2 could be injected in the reservoir, matches the result of Buscheck [6] .
Simulation Results and Discussion
Analysis of Pressure Perturbation in Various Schemes
From the validation cases, one can find that increasing the time of pre-injection enhance the storage ability of CO2. In order to find a best way to store more CO2, one need to determine how the coinjection brine production time affects CO2 storage. The results of pressure perturbation for various co-injection brine production schemes, for two, three and five wells are shown in [6] . Prolonging the pre-injection brine production time can significantly enhance the CO2 storage capacity in reservoir and co-injection brine production scheme can increase the CO2 storage capacity significantly. Figures 3.8, 3 .9 and 3.10 show the pressure contour for two, three and five wells model respectively. One can find that the pressure builds up close to the injection well is much larger than that at the production wells.
Pressure drops continuously from injection well to each of the production wells. Once the CO2 is injected into the reservoir, the reservoir pressure will increase, which can be a series of problem for the caprock if it exceeds the fracture pressure. From the results, one can see that two wells model has the largest peak pressure. In order to keep producing brine and injecting CO2 in a safe manner, the pressure must be kept as low as possible. It is clear that the three wells model and five wells model provide a better security guarantee than the two wells model. Figure 3 .11 shows the saturation of CO2 (SG) for each model. In the two wells model, the saturation of CO2 is concentrated more on the injection well, which leads to an imbalance in CO2 saturation. In contrast, the three wells model and five wells model have symmetric CO2 saturation due to symmetric model. In symmetric models, the pressure and CO2 could spread continuously from injection well to production wells, which could maintain a relative balance in the reservoir.
Because of this reason, three wells model and five wells model provide more safety compared to the two wells model. 
Discussion of CO2 Storage Ability in Various Schemes and Models
From the validation case and other computed test cases, one can notice that pre-injection scheme has much larger pressure dropdown and longer time for injecting CO2 after brine production compared to the sole injection scheme, which implies that this is a better way for injecting more CO2 in the reservoir. And one can also find that 6 years pre-injection brine production scheme has much larger pressure dropdown and longer time for injecting CO2 after brine production compared to 3 years pre-injection scheme, which enables much larger CO2 storage. In other words, with longer time for pre-injection brine production, more CO2 could be injected. The conclusions are applicable for two wells model, three wells model and also five wells model. Next, the maximum CO2 storage ability of all the three well models are evaluated. Considering the reservoir stability, one cannot keep on injecting CO2, due to large and lasting pressure perturbation which may cause the caprock fracture. Thus, pressure limits on the reservoir pressure must be applied. The simulation is run for pressure limits from 17.5 MPa to 26.5 MPa. The pre-injection and co-injection brine production schemes are applied to determine the maximum CO2 storage ability for each well model.
After many simulations, It was found that the injection well pressure will reach the peak overpressure (-4.5 MPa) after 4.5E8 s (14.27 years) of brine production, and different models have different CO2 storage capacities as shown in Figures 3.12, 3 .13 and 3.14. storage ability compared to the three wells and five wells models. Compared to the two wells model, approximately 0.56 million tons more CO2 has been injected in three and five wells models.
The reason for this is that the three wells model distributes the injection pressure effectively and evenly to two production wells. Five wells model also has a really large CO2 storage, which is very close to three wells' storage. Considering the large cost of building the wells, five wells models may not be adapted in an industry environment.
Chapter 4: Conclusions
In this thesis, numerical simulation of enhancement in CO2 sequestration are performed for various water production schemes under multiple well scenarios. According to the results, It is found that the pre-injection and co-injection brine production is the most effective way to inject more CO2 in the reservoir. Compared to the two wells model and three wells model, five wells model has larger CO2 storage ability (over 12 million metric tons).
Some of the challenges facing today to environment and energy systems require reducing CO2 emissions in the atmosphere as well as alleviating the water shortage. Simultaneously injecting CO2 from power plants in deep saline aquifers for storage while producing brine from the same aquifers could address same challenges. Producing brine has lots of operational benefits which include enhancing the CO2 storage and alleviating the pressure build up in the reservoir during CO2 injection. Since CCS is a relatively low-cost technology for limit the global CO2 emissions in atmosphere and Enhancing Water Recovery (EWR) technology is simultaneously used in can we very attractive to the industry and the policy makers.
Chapter 5: Future Work
In this thesis, only constant rate CO2 injection and water production (31.71 kg/s) are considered.
Future work could address for the dependent CO2 injection and water production. Constant pressure injection and production also could also be researched. Junggar basin model is very simplified model. More complex and accurate models could be employed in the future work.
Distance between injection and production wells are fixed at 7 km in my thesis. 
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